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(57) Abstract: Systems for positioning and/or analyzing samples such as cells, vesicles, cellular organelles, and fragments, deriva- 
tives, and mixtures thereof, for electrical and/or optical analysis, especially relating to the presence and/or activity of ion channels. 
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Food and Drug Administration (FDA) and other government regulatory agencies to 
require safety profiling of potential therapeutics against certain ion channels. 

This understanding of the interactions between potential drugs and cell membrane 
components is beginning to play a crucial role in modern drug development. In view of 
5 the increasing number of known receptors and the rapidly growing libraries of potential 
pharmaceutical ingredients, there clearly is a need for highly sensitive screening methods 
that permit the analysis of a large number of different substances with high assay 
throughput per unit time, otherwise known as "high throughput screening" (or "HTS"). In 
particular, there is a need for automated and/or high throughput screening methods that 

1 0 are relevant to cell membrane components. 

At present, relatively traditional methods are used for the screening of 
pharmaceutical ingredients. Such methods include ligand binding assays and receptor 
function tests that are performed separately." Although binding assays are relatively 
inexpensive, and amenable to high throughput, they require labeled high-affinity ligands, 

15 and generally are limited to assays for ligands that can compete effectively for labeled 
ligand. Fluorescent or fluorogenic reagents generally are compatible with high 
throughput assays,, including the analysis of ion channels using fluorescent calcium 
indicators, and the evaluation of membrane potential effects with potential-sensitive dyes. 
However, such reagents typically are not sensitive enough for single cell measurements, 

20 and generally can provide only indirect measurements of the membrane component of 
interest. 
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Thus, there is a need for a system for positioning and/or analyzing cells that is 
rapid, facile, and suitable for multiarray analysis, such as the system provided by the 
invention. 

5 Summary of the Invention 

The invention provides systems for positioning and/or analyzing samples such as 
cells, vesicles, cellular organelles, and fragments, derivatives, and mixtures thereof, for 
electrical and/or optical analysis, especially relating to the presence and/or activity of ion 
channels. 

10 Brief Description of the Drawings 

Figure 1 is a schematic view of a system for positioning and/or analyzing samples 
in accordance with aspects of the invention. 

Figure 2 is a cross-sectional side view of a substrate chip prepared from Si/Si0 2 in 
accordance with aspects of the invention. 
15 Figure 3 is a cross-sectional side view of a measurement system having planar 

electrodes in accordance with aspects of the invention. 

Figure 4 is a cross-sectional side view of a measurement system having point or 
wire electrodes in accordance with aspects of the invention. 

Figure 5 is a cross-sectional side view of a measurement system having open fluid 
20 compartments in accordance with aspects of the invention. 

Figure 6 is a top view of a measurement system having multiple measurement 
sites in accordance with aspects of the invention. 
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Figure 15AB is a pair of plots of current versus time showing the changes in 
measured membrane resistance of a membrane produced on a Si/Si02 carrier chip after 
fusion with vesicles containing nAChR (nicotinic acetylcholine receptor). Figure 15A 
shows the membrane resistance during accidental receptor openings in the absence of 
5 ligands at 400 mM KC1 and positive potentials. Figure 15B shows the membrane 
resistance 150 seconds after the addition of the nAChR agonist carbamylcholine (20 \xm 
final concentration), where no receptor openings are observed due to desensitization of 
the receptors. 

Figure 16 is a plot of current versus time showing the time course of positioning, 
10 binding, and subsequent development of a tight electrical seal for a Jurkat cell. 

Figure 17 is a series of plots of current versus time showing the current flowing 
through the membrane of a Jurkat cell for the indicated positive and negative clamp 
voltages. 

Figure 18 is an analysis of the current flowing through the membrane of a Jurkat 
1 5 cell for a +60 mV clamp voltage showing (A) a representative plot of current versus time, 
and (B) a histogram showing the relative likelihood of the measured currents. 

Detailed Description 
The invention provides systems, such as single or multiaperture biochips, for 
positioning and/or analyzing membrane-bound samples, such as cells, vesicles, cellular 
20 organelles, and/or portions thereof. Positioning a sample, as used here, generally 
comprises locating or placing the sample at a preselected position, within the system, 
typically for subsequent analysis. Analyzing the sample generally comprises detecting a 
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The system may include or be interfaced with one or more auxiliary systems, 
including (1) a sample handling system 44 for introducing, removing, and/or otherwise 
manipulating fluids and/or samples, (2) an analysis system 46 for analyzing samples, 
particularly by mechanisms other than direct electrical measurement, and/or (3) an 
5 incubation system for storing samples before and/or during assays, and/or (4) a cleaning 
system for cleaning substrates and/or other system components. 

The system may be used for a variety of applications. These applications may 
include automated and/or high-throughput patch-clamp analysis (e.g., for drug 
screening), portable biosensor analysis (e.g., for environmental analytes), and so on. 

10 These applications also may include the separation of cells or vesicles, the analysis of the 
sizes of cells or vesicles, the direct functional analysis of ionotropic membrane proteins, 
for example, in ligand binding studies, and/or the positioning of cells or vesicles for any 
suitable purpose, including purely optical investigations and/or microinjections, among 
others. Typically, a sample such as a cell or vesicle is introduced into the measurement 

15 compartment and then is directed toward the aperture, for example, using an electric 
force created by the two electrodes. The sample contacts the adhesion surface, binds 
across the aperture, and forms an electrical seal with the aperture sufficient for 
performing an assay of interest. The effects of an applied voltage created by the 
electrodes then may be studied, typically before and/or after exposure to a suitable assay 

20 condition. The studies may be performed by measuring changes in electrical properties 
across the aperture, such as current, resistance, or the like, and/or by measuring other 
changes in the sample, such as ion levels or the like. 
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The following sections describe various components and functionalities of the 
system, including (A) the substrate, (B) the apertures and windows, (C) the adhesion 
surfaces, including mechanisms for achieving binding, (D) the fluid compartments, (E) 
the electrodes, (F) multiaperture systems, (G) the analysis system, (H) the sample 
5 handling system, (I) the samples, (J) the sample positioning process, and (K) the 
measurement process, among others. 
A, Substrates 

The substrate generally comprises any surface or set of surfaces capable of 
separating two fluid compartments. The substrate typically includes an aperture that 
10 passes through the substrate to connect the two fluid compartments and at least one 
adhesion surface adjacent the aperture for binding a sample such as a cell or vesicle for 
analysis. The substrate preferably is nonconductive (e.g., electrically insulating), thus 
reducing or eliminating electrical contact between the two fluid compartments, except 
through the aperture. 

15 The substrate may be formed of any suitable material. Preferably, the substrate is 

nonconductive, inert (in the system), and no more than slightly modifiable chemically. 
Exemplary materials include silicon (including silicon (Si) and silicon derivatives, such 
as silicon oxide (S0 2 ; silica) and silicon oxinitride (SiO x N y )), glass, quartz, plastic, and 
so on. Among these, the silicon-based substrates have several advantages. First, they are 

20 commercially available. Second, they are easily processed, for example, so that they may 
be provided with an aperture and/or window, as described below in Example 1. Third, 
they readily may be coated or otherwise partially or completely covered with insulating 

12 
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allow fluid contact between fluid compartments positioned at opposite sides of the 
aperture. The aperture may be capable of forming an electrical seal with a sample such as 
a cell or vesicle that is sufficiently "tight" to use in a patch clamp experiment. Exemplary 
seals (depending on sample type and condition) have included > 10 kQ, > lOOkfi, > 1 
5 MQ, > 10 M£l, > 100 MjQ, > 1 GCl, > 10 GQ, >100 GQ, and even > 1TQ. Alternatively, 
or in addition, the aperture may be capable of focusing an electric field with sufficient 
strength to position a sample such as a cell or vesicle about the aperture. The aperture 
may include a hole, a gap, and/or a slit, among others. 

The aperture is characterized by a length L ap and a diameter d ap The length is 

10 determined by the thickness of the substrate adjacent the aperture, generally ranging 
between about 3 nm and about 1000 |im, and preferably ranging between about 100 nm 
and 20 Jim . The diameter of the aperture, as measured immediately adjacent the binding 
surface, is influenced by a variety of different factors, which may urge toward either 
smaller or larger apertures. First, smaller apertures generally increase the quality of the 

15 electrical seal between the aperture and the sample, up to a limit. In particular, to form a 
tight electrical seal, the aperture should be smaller, preferably significantly smaller, than 
the size of the sample (i.e., d ap « d ce , h d vesicle ), but larger, preferably significantly larger, 
than the lipids and other molecules present in the sample. Second, smaller apertures 
generally increase the mechanical stability of the membrane across the aperture. In 

20 particular, the force required to deflect a portion of membrane is inversely proportional to 
the square of the radius of the portion being deflected (i.e., proportional to the value of 
r M ' 2 ; see, e.g., Example 12), so that the selection of small (e.g., d ap < 5 \im) apertures may 



ST 



*ui3}sXs qx# jo s}U9Uoduioo jgqjo qiiM sdiqsuoi}Bp.i puB ssij^suiosS Suipnpui 
'SAvopuiM puB samysdB XiBiduioxo squosop 'sisqjo Suouib 'Avopq £-1 sajdirrexg QZ 

•uirf 001 ump 3Jom J° u Su Pq 'jsiibuis AijuboijiuSis si X[qB.i9j9jd ojoui 
pus 'uiri 000 1 inoqe UBip ssaj si XjqBjojsad AvopuiM aqj jo jspuiBip oqj 'jauq uj -ajrqjad^ 
sq; jo szis psxisjsjd sqj SuiuiuiiQpp joj QAoqB psquosop ssoqi o} snoSojBUB sjojobj 
>Cq pauiuuspp si MopuiM 9q* jo azts p9Xi9j9.id gqx "san^dB 9q* o* SS900B SuipXAOid 
puB jU90BfpB juoiupBduioo ping: Qq; jo uoipod b sssuduioo A\[eim^S MopuiAs. aqx 51 

•turf }noqB UBqj 9JOiu ou jo Jo;9iump b 9ABq pinoqs AiqB.i9j9.id 
9jn^sdB sq; 'utrf 02 inoqB uBqi JOiBoag jo jgptUBip b 9ABq XiJBOidAj qoiqM 'sajduiBS 
•iBirqpo joj c snqx U9j9UiBip 9jduiBS 9q* jo ^uaojsd Q£ *noqB imp ojoui ou AiqBJ9j9.rd 
9joui puB 4 jU3oaod jo su9} a\9J b UBq; ojoui ou jo J9j9UiBip b 3ABq pinoqs XiqBJSjsid 
sanjaadB oip '/tpApBing^B p9}B*S -§uqB9s jo &\x\vnb puB AjqiqBqojd SuipuB*s;no ub ppiA oi 
Xbiu turi i inoqB ptre uirl £*o jnoqB U99M}9q sazis 4 JB|noi^iBd u\ -turf g jnoqB uBq* ssqj si 
XiqBJ9j9ad 9JOUI puB 'uirf l V^oqe UBqj ss9j si KiqB.i9j3jd 'turl oi jnoqB UBqj ss9j si XttBnsn 
c uirf 03 SI WoqB UBqj ss9] si XjibjsusS aan^isdB oqj jo jgpureip 9qi 'siojobj osaqj 
uo pssBg *suoi uoijonpuoo sq; jo ssqodb {BOisXqd 9qj Suisbs Xq AjqBqojd 'durep (ju9.uno 
jo) qSbjioa 9qi jo /CqiBtib 9q* guiAoaduii c 90ubjsis9J ss9oob 9q} aonpaj XubjsuoS sgarmadB g 
jggjBj 'qunoj -soiduiBS Suiuoijisod uaqM inpsn XjiBpadss si qoiqM e oarqj©dB sq; qSnoiqi 
SuissBd ppij ouioap oq^ jo snooj puB q^Suaj^s sq; osb^ioui AjiBJ^uaS ssinyadB jsnBUis 
'pjiqX -suiajsXs (jAfia) auBjquisui pidq >ioBiq jbuoijusauoo ui pssn saanuadB (uirl OOI 
< dB p '-§-9) |BoidX; sqj oj 9Ai;Bi9a XpBinoiyBd '^qiqBjs guBjquiQUi qsbsjoui XpuBoyiuSis 



0AS00/T0H3/X3d 



Z98tZ/Z:0 OAV 



WO 02/24862 



PCT/CH01/00570 



C. Binding and Adhesion Surfaces 

The adhesion surface generally comprises any surface or set of surfaces adjacent 
the aperture to which samples such as cells and vesicles may bind for analysis. The 
adhesion surface typically is at least substantially planar over an area exceeding that of 

5 the bound portion of the sample but in some cases may be at least slightly concave in the 
direction of the sample. Thus, the adhesion surface may have an area of at least about 2'5 
urn 2 for a cell that is about 5 um in (bound) diameter, at least about 100 um 2 for a cell 
that is about 10 um in (bound) diameter, and so on. 

Binding, as used here, generally comprises any stable or semi-stable association 

10 between a sample and an adhesion surface that results in an electrical seal between the 
sample and one or more apertures that is sufficiently "tight" to allow the desired 
measurement. Binding may be mediated by any suitable mechanism, direct or indirect, 
including electrostatic interactions, covalent bonding, ionic bonding, hydrogen bonding, 
van der Waals interactions, and/or hydrophobic-hydrophilic v interactions, among others. 

15 In general, binding may be facilitated by the appropriate selection, treatment, and/or 
modification of the substrate, the sample, the measurement medium, or a suitable 

combination thereof. 

Binding may be facilitated by appropriate selection of the substrate. Thus, 
preferred substrates typically include a relatively flat or gently contoured binding surface 
20 adjacent the aperture of interest, so that cells or vesicles may bind to form an acceptable 
seal with the aperture without unwanted or unnecessary deformation. Moreover, preferred 



16 



LI 

90BjJns 9qi jo Xoug^sisuoo pUB XjqBnb 9qj qaojcIuii o; c £n BU JJ |A '9§JBqo aoBjjns psaissp 
gq* Suipugj 9ouB}sqns b q*iM pa^oo Supq J9#b 'uoipbjwb oi}B}SOJ}09p pooS b SuipiAOjd 
joj siqBjins Xippsdso are ss^sqns gpuiju uooqis/uooqxs jo spixo uooqis/uooijis QZ 
p9jnpru}sojoij/\[ -aoBjjns paSjBqo AnBoppgp ub qjiM J9Xbi qobjjiis jgqjo jo Sui^boo 
b 9ABq Xbui 9}BJ}sqns sq^ jo 'ssubiisouiuib 'gjdiuBxg joj 4 s9UBiis JO/puB suoxiBoXiod 
jo subsui Xq 'jBjnopjBd ui 'iiopBoxjipoui Xq po^asuaS gq Xbui goBjjns paSjBqo XnBOijpgp 
ub 'sjugunpoquio guios uj -jojgqdooox sb qons spunodiuoo oiqoqdojpXq XpSjBi 
qjiA\ pgjBOO gq Xbui 9objjhs Suipuiq gqj 'uoijippB ui jo 'XpApBrasnv ua^l spujiuXxo £i 
jo gpixo ub qjiM pgjBOo gq Xbui (goBjjns Suipuxq uooqis b XtjBpgdsa) goBjjns Suipuxq 
gqj 'uoi^ippB ui jo f A\QAiv2\UQi\Y 'smpg| pgzqxqouiim qjiAv uoijBOijipoui Xq jo 'ui;oiq 
jo/pub uipiAB qjiAv sb qons 'Suipuiq oijp3ds-9tnoD|oui sgjoiuojd }Bqi Xbm b ui pggipoui 
si aoBjjns Suipuxq sqj 'uoijippB ui jo 'XpAi}Btug:qv *sjgq}o Suoiub '(uosuppia-uojoog) 

iHODiXVlAF JO/pUB *C 0U I 'S90IAJ9S XdODSOJOIJAI UOJp9[g) aNOSOia '(P2U0I}BUJ9}UI oi 

9§[B]s[ oun]<[) SH3 XraiVWOia 'ugiunqp? 'guumugiXqpXiod <suBoXiSogjojd 
'uipauojqg 'uiuraiBj 'uaSBipo 'ui;BpS € 9UisXi-a-A oc * 'guisXi-q-Xpd sb qons 
'jgjoiuojd uoisoqpB ub q;iM pa^BOO 9q Xbui goBjjns Suipuiq gqj 'aiduiBXO jo^ -pgjouiojd 
si c sju9uiSbjj 9UBjqui9ui jo S9UBjqtU9ui Suipuodsgjjoo gqj- jo 'sipo jo S9[oiS9A jo Suipuxq 

4U9IBAOO JO SJBB^W J9p UBA 'OiqoqdOJpXq *S9SB0 U9AlS UI <JO 0X^BlSOJ409p }Bq; os pggipoui g 

asiAuaqjo jo p9jB9J; 9q Xbiu 90Bjjns gq* 'suoxjBoqddB 9iuos ui 4 snqx *9AoqB pgjsaSSns 
sb 'gjBjjsqns gqj jo }U9UJ}B9J1 gjBudojddB Xq pg^qxoBj 9q Abxxi osjb Suxpuxg 

•Suipuxq 9JOU10Jd 0} psjisap SB p9^B9j; 
9q Xbui soBjjns 9q; ;Bq^. os '90Bjjns Suipuiq aiqBijipoiu b gpnpux AiiBoxdAi osjb S9^sqns 



0LS00/I0H3/X3d 



t98^/Z0 OAV 



WO 02/24862 



PCT/CH01/00570 



characteristics, the substrate may be subjected to oxygen plasma cleaned and/or partially 
or completely hydrophylized before the modification of its surface and/or before its 
immediate use, in addition to or in lieu of the above modifications. In some aspects of the 
invention, unwanted hydrophylization/modification of the hydrophobic surface can be 
5 avoided by using silicon nitride for the surface layer. 

Binding also may be facilitated by appropriate selection and/or treatment of the 
sample itself. Thus, the sample may include unsaturated lipids or other compositions that 
increase the fluidity of its membrane, potentially enhancing membrane flexibility during 
binding and seal formation. Alternatively, or in addition, the sample may include charged 

10 lipids or other compositions that increase the charge on the sample, potentially enhancing 
the ability of the sample to bind electrostatically to substrate surfaces bearing an opposite 
charge. For example, for a positively charged substrate surface, the vesicle might include 
negatively charged palmitoyl-oleoyl-phosphatidylglycerol (POPG). 

In some cases, binding may be facilitated by interactions between specific binding 

15 pairs (SBPs), where one member of the pair is associated with the sample and the other 
member of the pair is associated with the substrate. The interactions between members of 
a specific binding pair typically are noncovalent, and the interactions may be readily 
reversible or essentially irreversible. An exemplary list of suitable specific binding pairs 
is shown in Table 1 . 
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After binding, samples such as cells or vesicles may be broken up, for example, by 
treatment with a hypotonic medium, such as pure water. 

Examples 1-7, 10, and 11 below, among others, describe exemplary adhesion 
surfaces, including materials, treatments, modifications, geometries, and the kinetics and 
5 efficacy of sample binding. 
D. Fluid Compartments 

The fluid compartments generally comprise any region or volume adapted to 
support a fluid adjacent the aperture. The compartments may perform several functions, 
including covering the sample, providing a medium through which the cell may be 

10 moved during positioning, and/or providing a medium for establishing electrical contact 
between the electrodes, among others. The compartments generally may have any 
suitable volumes, but they typically have volumes between about 0.1 to 40-100 |nL. Thus, 
assays typically require only a limited amount of sample, facilitating the analysis of 
effects of precious compounds. 

15 The fluid compartments may be closed or open. A closed compartment comprises 

a compartment that is at least substantially bounded or delimited on all sides by a wall or 
other separating layer, exclusive of an input and/or output port. In contrast, an open 
compartment comprises a compartment that is not bounded on at least one side (i.e., over 
at least some solid angle) by a wall. 

20 Closed compartments typically are physically confined, i.e., bounded by some 

combination of the substrate, an electrode, and one or more spacers, being established 
within voids and channels therein. The spacers are used in many embodiments, 
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The electrodes may be formed with any suitable geometry and be disposed in any 
suitable arrangement, consistent with their performing their intended function(s). 
Preferred electrodes have planar, cylindrical, or point geometries. Preferred electrode 
arrangements are symmetrical, with similar electrodes positioned at similar distances and 
5 orientations from each aperture on each side. Symmetrical electrode arrangements 
generally will create symmetrical electric fields. Typically, the electrodes are located 
opposite one another across a single aperture, with each electrode reaching into at least 
one compartment, or at least contacting a surface of it. The electrodes customarily are 
located at a distance of about 0.5 to 3 mm, and usually about 0,5 to 1 mm, from the 
10 substrate, although they can be closer or farther in some embodiments. Depending on 
embodiment, the electrodes may be attached directly to a recording carrier, or to a 
cartridge in which this carrier is packaged, and/or to a holder that is not in direct contact 
to the substrate. 

The electrodes should be capable of creating an electric potential sufficient to 
15 perform their function, for example, positioning and/or analyzing samples, without 
unduly disrupting the samples. Preferred electric potentials give rise to electric field 
intensities of greater than about 100 V/m, particularly adjacent the aperture. In the 
following materials, one electrode is referred to as a measurement electrode, 

Examples 2-7 below, among others, describe exemplary electrodes, including 
20 geometries (e.g., planar, cylindrical, and point), materials (e.g., silver and/or platinum), 
and relationships with other components of the system. 
F. Multiaperture Systems 
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independently can contain the same or different types of samples. Thus, in these 
exemplary systems, several apertures may be used on one substrate, and the 
measurements may be performed over at least two apertures sequentially and/or in 
parallel and/or in such a manner that all or several electrodes on one side of the substrate 
5 have a common electrical potential, or, alternatively, are combined to form one electrode. 
Similarly, more than two electrodes and more than one aperture can be present in such a 
way that at least one electrode, for example, a reference electrode, serves the 
measurement via more than one aperture, or the measurement arrangement can have a 
substrate with more than one aperture and twice as many electrodes as apertures in such a 

10 way that one aperture always is located between two electrodes. 

Measurement sites may be separated using any suitable mechanism, including 
hydrophilic/hydrophobic surface patterning, as described below, and/or dividing the 
carrier surface into small compartment wells (e.g., by laminating a thin 
polydimethylsiloxane (PDMS) layer containing small holes to the carrier surface adjacent 

15 the aperture). 

The multiaperture system generally may include any number of measurement 
sites, positioned in any suitable arrangement, with any suitable size or footprint, all 
consistent with forming electric fields within each site to position and/or analyze 
samples. Preferred configurations may be selected based on utility and/or convenience. 
20 Thus, preferred systems may include features selected from standard microplates, so that 
the system may be used with standard microplate equipment, including handlers, 
washers, and/or readers, among others. These features may include a rectangular frame, 
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Examples 5 and 6 below, among others, describe exemplary multiaperture 
positioning and/or analysis systems, including additional features such as reference 
fiducials not described above. 
G. Analysis system 
5 The positioning and measurement system of the present invention optionally may 

be coupled to or integrated with an analysis system for analyzing samples and sample 
components. The analysis system generally comprises any mechanism for analyzing or 
otherwise characterizing samples, qualitatively or quantitatively, other than by direct 
electrical measurement as used by the positioning and measurement system. The analysis 

10 system may require that the sample be separated from the measurement system and/or 
from other sample components, as described above. Alternatively, or in addition, the 
analysis system may allow the sample to be studied in situ, without such separation. 
Generally, measurements made by the positioning and measurement system and 
measurements made by the analysis system may be performed simultaneously or 

15 sequentially, in any order or in any combination, in association with or independent of 
one another. 

The analysis system may be based on any suitable analytical technique, including 
spectroscopic, hydrodynamic, and imaging methods, among others, particularly those 
adaptable to high-throughput analysis of multiple samples. Preferred analysis systems are 
20 based on the optical analysis of samples, particularly luminescence-based optical 
analysis, but also absorption, scattering, circular dichroism, optical rotation, and imaging, 
among others. In luminescence analysis, light transmitted from the sample is detected and 
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nitric oxide, (6) ion channels, including Ca 2+ channels, Na + channels, K + channels, and 
CI" channels, (7) signal transduction, (8) cell viability, and (9) endocytosis and 
exocytosis, among others. Suitable luminophores for reporting on this and other 
information are described in Richard P. Haugland, Handbook of Fluorescent Probes and 
5 Research Chemicals (6 th ed. 1 996), which is incorporated herein by reference. 

The combination of optical technologies with the patch-clamp technologies 
presented here permits, for the first time, the distinction or resolution of ligand binding 
events and channel activities, among others. In this way, for example, important 
information regarding the stabilization of changes in receptor conformation through 

10 ligand binding and/or the functional variation in ligand binding sites in receptors may be 
obtained.™ Such information is potentially important for understanding the particular 
mode of action of individual agonists and antagonists, and thus exhibits great promise for 
future drug development. 

The optical analysis system typically will include a light source, a detector, and 

15 one or more optical relay structures for directing excitation light from the light source to 
the sample and for directing emission light from the sample to the detector. However, the 
light source and excitation optical relay structure are optional during analysis utilizing 
chemiluminescence methods. The optical analysis system may use epi- and/or trans- 
detection schemes, involving illuminating off of and/or through the sample, respectively. 

20 Exemplary optical analysis systems, and components thereof, are described below 

under Examples and in the various patents, patent applications, and other materials listed 
above under Cross-References and incorporated herein by reference. Preferred optical 
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and/or other analytes. The sample-handling system may add samples such as cells or 
vesicles to arbitrary compartments, convey liquid into and/or out of arbitrary 
compartments, and/or exchange samples and/or liquid between arbitrary compartments, 
among others. The sample-handling system also may separate samples, or sample 
5 components, in particular using capillary electrophoresis (CE) and/or high-pressure liquid 
chromatography (HPLC), and serve the analysis of the separated substances, or it can be 
provided with means that serve the continuous or regular testing of the state of the liquid 
in the compartments as well as with means for retroactive regulation according to preset 
filling parameters. Because it is reasonable, according to the analysis strived for, to bring 

10 the membrane into contact with measurement solution on both sides, the addition of a 
substance to be investigated obviously can be done on the side customarily serving as the 
reference side. The sample-handling system may be multiplexed to interact with several 
substrates and/or with a multiaperture substrate, among others. 

The sample-handling system may be based on any suitable mechanism, including 

15 tubes, pumps, hydrostatic pressure differentials, electro-osmotic processes, piezo drop- 
on-demand processes, ink-jet processes, contact transfer processes, temperature- 
controlled processes, and/or mechanical displacement, among others. In some 
embodiments, fluids such as reference buffers may be introduced into a pasty gel, 
whereby an exchange of the liquid lying outside the gel is possible without changing the 

20 composition of the reference buffer stored in the gel. Suitable gels include agarose and 
polyacrylamide. 
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Vesicles and other synthetic samples may include or be derived from (1) unilamellar 
vesicles, (2) multilamellar vesicles, (3) small vesicles (having diameters less than about 
1000 nm), (4) large vesicles (having diameters greater than about 1000 nm), (5) 
monodisperse vesicles, and (6) polydisperse vesicles. These vesicles may be formed from 
5 any suitable lipid(s) and/or protein(s) using any suitable technique. Exemplary lipids include 
DLPC, DMPC, DPPC, DSPC, DOPC, DMPE, DPPE, DOPE, DMPA, DPPA, DOPA, 
DMPG, DPPG, DOPG, DMPS, DPPS, and DOPS, among others. 

Examples 8 and 15-17 below, among others, describe exemplary samples, 
including vesicle and cell samples. 
10 J. Sample positioning 

The electrical, optical, and/or other analysis of samples generally is preceded by a 
positioning step, in which the sample is directed to or otherwise located at the adhesion 
surface. Sample positioning generally occurs in two sequential substeps: (1) a first 
(prepositioning) substep, in which the sample is introduced to the measurement 
15 compartment, and (2) a second (micropositioning) substep, in which the sample is 
brought into proximity or actual contact with the adhesion surface. These steps may be 
performed robotically, at least substantially without direct human involvement or 
intervention. 

The prepositioning substep generally involves introducing the sample to the 
20 measurement compartment, preferably in a manner that facilitates subsequent binding of 
the sample to the adhesion surface. Thus, the sample may be introduced generally above 
the adhesion surface (or associated aperture), so that it is directly between the electrodes, 
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K. Measurement Process 

The measurement process provided by aspects of the invention allows in particular 
the measurement of ion channel flows in a reliable and reproducible manner, often with a 
high signal-to-noise ratio. These abilities reflect the precise positioning and electrically 
5 tight binding of cells, vesicles, cellular organelles, and/or membranes of corresponding 
origin, at microstructured apertures in a planar substrate. This electrically tight binding 
may be achieved at least in part by strong interactions between the surface of the 
substrate and the surface of the bound membrane, such as strong electrostatic attractions. 
The electrical characteristics of transmembrane ion channels or ionotropic 

10 receptors may be characterized using "voltage-clamp technologies," such as classical 
voltage-clamp, patch-clamp, and oocyte voltage-clamp, among others/ 111 Specifically, an 
electrical potential difference is applied across the membrane containing the relevant ion 
channel(s), and, simultaneously, the current necessary to maintain this difference is 
analyzed. The relationship between the voltage and current may be expressed 

15 mathematically using Ohm's Law, which states that V = IR, or equivalently, I = V/R, 
where V = voltage, I = current, and R = resistance. The current provides insight into 
membrane electrical properties, such as its conductivity, and therefore insight into the 
conformation state of the channel-forming protein (e.g., open (passing ions) or closed 
(blocking ions)). Thus, the current may be used to analyze voltage dependencies, ligand 

20 binding events, and so on. 

The ability of current measurements to yield meaningful data in a patch clamp or 
other electrophysiology experiment is dependent on ensuring that the measured current 
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strongly adhesive for cells and vesicles is used. This chip separates the two compartments 
clamped at different potentials during the measurement, where a (sub)micrometer-sized 
aperture is located in its middle. This aperture is filled with reference buffer solution and 
electrically tightly sealed during current measurements by strong binding of cells and 
5 vesicles to the surface. This electrically tight binding may permit the measurement of 
very small ion flows (e.g., down to at least about 0.1 pA) and, concomitantly, the plotting 
of membrane resistance with a good or better signal-to-noise ratio. 

Further (mechanical) stability may be derived from using capillary forces to fill 
and store the reference and/or measurement buffers. In particular, unbounded or open 

10 fluid compartments may experience fewer disturbances (e.g., due to temperature 
differentials) of the membrane due to hydrostatic pressure than closed systems. 

The measurement systems described here may be used for a variety of 
applications, some of which are described below in Example 16, including "perforated- 
patch," "whole-cell," and "inside-out" patch clamp techniques. For example, 

15 measurement systems of the planar type are particularly well suited, due to the short 
diffusion times associated therewith, to the use of "perforated-patch" techniques.* In 
these techniques, an electrical connection to the interior of the cells (cytosol) is achieved 
by permeabilization of the area of the membrane suspended across the aperture with 
pore-forming antibiotics. An advantage of this technique is that it does not require 

20 washing out the cytosol with measurement buffer solution for simultaneous electrical 
access. In particular, a pore former such as, for example, amphotericin B or nystatin can 
be added to the reference compartment, after a biological cell, or, under special 
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described in detail in U.S. Patent Application Serial No. , filed September 14, 

2001, titled EFFICIENT METHODS FOR THE ANALYSIS OF ION CHANNEL 
PROTEINS, and naming Christian Schmidt as inventor. 

Examples 12-16 below, among others, describe exemplary results obtained from 
5 various electrical measurements on vesicle and cell-derived membranes. 

Examples 

The following examples describe selected aspects and embodiments of the 
invention. These examples are included for illustration and should not be interpreted as 
restricting, limiting, or defining the entire scope of the invention. Additional examples 

10 are described in the following patent applications, which are incorporated herein by 

reference: U.S. Provisional Patent Application Serial No. , filed September 13, 

2001, titled HIGH-THROUGHPUT PATCH CLAMP SYSTEM, and naming Christian 

Schmidt as inventor; and U.S. Patent Application Serial No. , filed September 14, 

2001, titled EFFICIENT METHODS FOR THE ANALYSIS OF ION CHANNEL 

15 PROTEINS, and naming Christian Schmidt as inventor. 
Example 1: Substrate Chip 

This example, illustrated in Figure 2, describes an exemplary Si/Si0 2 chip 
substrate 50 for use in positioning and/or studying cells, vesicles, and the like, in 
accordance with aspects of the invention. 

20 The substrate includes a body 52, a surface layer 54, a window 56, and an aperture 

58. The body comprises an at least substantially planar, commercially available silicon 
wafer. The surface layer comprises a silicon oxide or silicon oxynitride layer formed 

38 
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be performed with the system in any orientation. However, to simplify the description, 
the top fluid compartment 74a and top electrode 76a (as drawn) are referred to here as the 
measurement compartment and measurement electrode, and the bottom fluid 
compartment 74b and the bottom electrode 76b (as drawn) are referred to as the reference 
5 compartment and the reference electrode. 

The substrate is used to support cells, vesicles, and other samples for electrical 
analysis. The substrate includes a body 80, a window 82, and an aperture 84 connecting 
the two fluid compartments, The substrate further includes at least one adhesion surface 
86a,b positioned adjacent one or both ends of the aperture for binding cells, vesicles, 

10 and/or other samples. An exemplary substrate is described in more detail in Example 1. 

The fluid compartments are used to support fluids such as electrolyte solutions or 
growth media in apposition to the substrate and aperture. The compartments are formed 
by apertures or voids in the substrate, spacers, and/or electrodes. 

The electrodes are used to generate an electric potential and associated electric 

15 field across the aperture. Measurement electrode 76a comprises a 0.8-mm thick 
chlorinated square (e.g., 4x4 mm 2 ) or annular (e.g., d = 2 mm) silver (Ag) plate, 
preferably having a frustoconical or funnel-shaped opening 88 (e.g., d min = 0.4 to 1 mm). 
The measurement electrode is positioned at least substantially parallel to the surface of 
the substrate, preferably at a distance of up to about 1 mm from the surface of the 

20 substrate. The measurement electrode further is positioned so that opening 88 is at least 
substantially concentrically positioned above aperture 84. Reference electrode 76b 
comprises a 2-mm thick square silver plate (e.g., 20 x 20 mm 2 ), which preferably has a 
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together with the meniscus that forms between the chip and measurement electrode, the 
sample chamber (sample compartment) for the addition of cells, vesicles, and/or 
measurement solution. Finally, a fourth spacer 78d is positioned between the reference 
electrode and the substrate to forming an insulating barrier between these two elements. 
5 This spacer, preferably formed as a 0.5 to 2 mm-thick silicon rubber seal (e.g., Sylgard), 
includes a channel or chamber 92d having dimensions of about 1 mm in width and less 
than about 6 mm in length. The spacer may be imprinted and, if filled with buffer 
solution, produce contact between the aperture, or alternatively the membrane, and the 
reference electrode. 

10 The measurement system may be configured or adapted to facilitate the addition, 

positioning, and/or analysis of samples. Thus, the setup preferably has means on one or 
both sides of the substrate that make possible an addition of liquid, a storage of liquid, 
and, in given cases, an exchange of liquid, as well as the addition of cells, vesicles, or 
other cellular organelles, or parts of the same, between the substrate and the electrode(s). 

15 For example, during measurement, or membrane production, a small (e.g., 5 to 10 fiL) 
volume of measurement or vesicle solution (e.g., a cell suspension) may be added (e.g., 
by pipette) directly to the feed opening, the window, and/or the aperture, on the 
measurement side of the substrate or on the upper side of the measurement electrode. The 
aperture preferably has a diameter such that, when a voltage differential exists over the 

20 chip, an inhomogeneous electrical field, mediated by the electrodes, is set up around the 
aperture. This field may increase in magnitude near the aperture, such that samples can be 
moved electrophoretically toward the aperture. Furthermore, the substrate preferably 

42 



*S90Bjjns pua 9qj ;b jcfeoxs 'sgpoj^osp 
sqi jo solans 9piS}no 9q} s^os^oad puB sj9aoo }Bqi q'Bgn J9Kbi J9;no 9Apo9}Ojd oz 
b q;iM pQpiAoad 9q Xbiu S9poj}09p 9q} 's*U9unpoqui9 9iuos *uau f }noqB jo uoijBJBdgs 
9Ai}Bpj b puB iuui 2 puB TO *noqB uooAvjaq sao^uiBip 9ABq AjqBJ9j9Jd s9poj;o9p 
3qX -QjBJjsqns 9qi A\opq puB 9AoqB pssodsip 'S9pojp9p J9A{is om e ApAi}BUJ9:qB 
s jo 'q'vgzi S3JIAV J9AJIS omj jo q'Bt^l S90Bjjns pus ps^uuoiqo 9qj ssuduioo sgpojpap 
oq* '9J9H *9Aoq-B psquos9p sb osjb ^jnjJsdB sqi ssojob ppij oupgp p9*BpossB puB g\ 
IBpu9*od oupsp ub AjddB o; pgsn 9JB S9poj}09p 9qx \i9ppq uo]j9X -JO ssbjS b Suipnpui 
c J9pjoq b 0} p9U9}SBj JO/puB psijipoui 90Bjins 9q Xbui J9q}Jnj 9}BJ}sqns gqj, *s;u9uipBduioo 
ping oau 9qi Smpouuoo z£i 9Jitpi9dB ub puB C 0£I ^opuiM b 'gn ^P oc l B sgpnpui * 
gjBJjsqns 9qx # 9AoqB psquosgp sb e Xi9Aip9ds9J 'spnqj puB S9iduiBS yoddns oj pgsn 9JB 
siusuijiBduioo pmij puB 9}BJ*sqns 9qi -q'B9ii S9pojp9p qjim jo imod oavj puB 'q'BHI 01 
s*U9ui}JBduioo pirqj oav} 'zil s^jjsqns b S9pnpui uiqjsXs }U9tu9JnsB9Ui 9qx 

•uopu9AUt 9qi jo sjoadsB q;iM 90UBpaoooB ui 'sgpoJiosp 9JIM jo }uiod SutABq oil 
uigisXs ^U9Ui9jnsB9iu AjBidui9XD ub S9quos9p > 9JnSiH ui poiBJ^snni 5 9iduiBX9 siqx 

sapoapaia 9J!A\ jo Juioj M*!^ majsAs juau^nsBapvt :£ aiduiuxg 
•gjrmsdB 9qj punojB p9uoi|isod XiqBJ9j9Jd bqjb oqiqdojpAq 9qj qjiAV 'SB9JB g 
ojqoqdojpXq puB oqiqdojpXq 9;b9J0 oj pgjnprujs 9q Xbui asqjjnj 9jBJ}sqns 9q} jo 90Bjjns 

9qX -S9H9UB3J0 JBp-qpO JO/pUB 'SJUSUlSBJJ 9UBJqUJ9UI c S9piS9A 'SJ]90 JO SuipXIiq p9}Bip9UI 
-UOI lU9lBAiqniU JO/pUB 0lJp9ds-9in09piU 9qi SuiWTUUQd c S9UBjqUI9UI iBOiSopiq JOJ 

9AIpbj^^b si }Bq; < 9jr4J9dB sqj jo sgpis qjoq jo 9UO uo 'q'B^e 9objjhs 9UO ^SB9i ;b sgpnpui 



0tS00/T0H3/XDd 



WO 02/24862 



PCT/CH01/00570 



The measurement system may be used for positioning and/or analyzing samples. 
In an exemplary approach, sample medium is added to both sides of the substrate, and 
held between the substrate and electrode by capillary forces. Next, the offset is calibrated, 
and a suitable voltage is applied (typically, V = -60 to -100 mV). Then, cells or vesicles 
5 are added to an appropriate (e.g., modified) side of the substrate, and cell binding and/or 
membrane formation are pursued with the aid of a change in the electrical parameters. 
Finally, thfc properties of ion channels or other membrane components are studied using 
suitable electrophysiology methods. Throughout, the addition or exchange of samples 
and/or sample media may be performed using a sample handling system, as described 
10 above, such as a pipette or tube mounted near the aperture. 

Example 4: Measurement System Having Open Fluid Compartments 

This example, illustrated in Figure 5, describes an exemplary measurement system 
150 having open fluid compartments, in accordance with aspects of the invention. 

The measurement system includes a substrate 152, at least two fluid compartments 
15 154a,b, and at least two electrodes 156a,b. These components perform at least 
substantially the same functions as their namesakes in Examples 2 and 3. 

The substrate comprises an insulating silicon chip 158. The substrate may include 
a groove that is closed by a thin silicon nitride (Si 3 N 4 ) 160 / silicon oxide (Si0 2 ) 162 
diaphragm containing a small aperture 164 having a diameter that usually is less than 
20 about 20 fim. The substrate further may include a surrounding insulating layer 166, for 
example, thermally grown silicon oxide, to reduce system capacitance. The surface of the 
substrate may be treated to promote the tight adhesion of cell or vesicle-associated lipid 
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attracts cells, vesicles, and other charged objects towards the aperture. After these 
samples bind and/or form membranes, they may be analyzed electrically and/or optically, 
among others. 

Example 5: Measurement System Having Multiple Measurement Sites 
5 This example, illustrated in Figures 6 and 7, describes an exemplary measurement 

system 190 having multiple measurement sites, in accordance with aspects of the 
invention. The drawings show two alternative embodiments, separated by break lines, 
that include different carrier/electrode configurations. 

The measurement system includes a plurality of measurement sites, each capable 

10 of positioning and/or analyzing a sample, as described above. More specifically, the 
measurement system includes a substrate 192, a plurality of fluid compartments 194a,b, 
and a plurality of electrodes 196a,b. The measurement sites are formed from portions of 
the substrate and combinations (e.g., pairs) of fluid compartments and electrodes. The 
substrate preferably comprises (1) a silicon body 198, (2) a silicon nitride diaphragm 200 

15 having a plurality of apertures 202, at least one per measurement site, and (3) a 
hydrophobic and/or insulating surface coat 204. The fluid compartments preferably 
comprise (1) a plurality of measurement compartments 194a, and (2) at least one 
reference compartment 194b. The electrodes preferably comprise (1) a plurality of 
measurement electrodes 196a, at least one per aperture or measurement site, and (2) at 

20 least one reference (ground) electrode 196b. The measurement system further may 
include additional features, such as (1) a support or carrier plate 206 to simplify the 
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suitable format, as described above. Preferred formats include 8 x 12 (96) rectangular 
arrays and 16 x 24 (384) rectangular arrays, with standard microplate footprints. Some 
embodiments may include additional sites, including additional rows or columns of sites. 
For example, in one such embodiment, the system includes an additional row of sites, 
5 configured as an 8 x 13 (104) rectangular array. 
Fluid compartments 

The fluid compartments generally comprise any region adapted to support fluid for 
bathing the sample and for providing electrical contact between the measurement and 
reference compartments. 

10 The measurement compartments are used for positioning and/or analyzing 

samples. These compartments are defined by hydrophilic spots on the chip surface, 
surrounded by a hydrophobic surface coating, for localizing fluid. The measurement 
compartments include an aperture positioned within the hydrophilic spot and a 
measurement electrode positioned for electrical contact with the associated measurement 

15 fluid. The hydrophilic spot typically includes an at least substantially planar or concave 
adhesion surface, which may be selected and/or treated as described above to promote 
sample binding and/or membrane formation. 

The reference compartments are used for completing the electric circuit, typically 
to electric ground. These "backside" compartments may be combined to form one or 

20 more large compartments (corresponding to two or more measurement compartments), 
since the separate compartments typically would contain *the same buffer solution and 
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nitride (Si 3 N 4 ), and/or Sylgard by spin coating or chemical vapor deposition (CVD). 
These materials are sufficiently hydrophobic (even after short oxygen-plasma treatment) 
to confine the measurement and reference compartments. Moreover, these materials may 
include or be formed to include grooves or holes, potentially improving fluid support 
5 and/or reducing evaporation. 

The electrodes at the various measurement sites may be connected electrically to 
corresponding contacts 208 for clean and/or easy access to appropriate electronic 
components, such as amplifiers, recording devices, and the like. In a preferred 
embodiment, the contacts are positioned near the edge or border of the substrate, and a 
10 bonding wire 210 joins the electrodes and contacts, although more generally any 
mechanism capable of establishing an electrical connection may be employed. In 
particular, the electrodes can be bonded to contacts placed on a plastic (e.g., 
polypropylene) carrier that embeds the entire recording chip. 
Support element 

15 The support element generally comprises any mechanism for independently and 

portably supporting the substrate and associated system components, potentially 
simplifying design and/or increasing reliability. The support element may support the 
substrate at its edges and/or in its interior, with the interior support potentially reducing 
or preventing sagging and/or stress of the substrate. In an exemplary embodiment, the 

20 support element includes a carrier plate 206 and a spacer 212 sandwiched between the 
substrate and the carrier plate near the edges of the substrate. The carrier plate may be 
formed from glass (e.g., PYREX) and/or any other suitable material. The substrate, 
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among others, of a particular portion or portions of the system. Alternatively, or in 
addition, the reference fiducials may encode information optically, based on the size, 
shape, position, color, absorptivity, reflectivity, and/or transmissivity of a particular 
portion or portions of the system. 
5 The reference fiducials may be identified and read using any suitable mechanism, 

including the electrical device and/or optical device used in sample analysis. 
Example 6: Measurement System Having Optical Measurement Aids 

This example, illustrated in Figure 8, describes an exemplary measurement system 
230 having optical measurement aids, in accordance with aspects of the invention. 

10 The measurement system includes a substrate 232, a plurality of fluid 

compartments 234a,b, a plurality of electrodes 236a,b, and a carrier plate 238, at least 
substantially as described above in Example 5. However, the system further includes an 
optical measurement aid for use in conjunction with a suitable optical analysis system, as 
described above. The optical measurement aid generally comprises any element or 

15 mechanism adapted to facilitate and/or enable optical analysis of samples such as cells or 
vesicles positioned on or near the substrate. The optical measurement aid may comprise a 
modification of one or more of the elements listed above and/or a new element in 
addition to and/or in lieu of one or more of the elements listed above. 

The optical measurement aid may comprise a support element that includes a short 

20 spacer and/or a thin, optically transparent carrier plate, as described above. A short spacer 
and/or a thin carrier plate may shorten the optical path length between the optical device 
and- sample, by reducing the separation between the substrate and carrier plate. A thin 
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The lenses in the array generally may have any shape capable of collecting light 
from the sample and/or focusing light onto the sample. For example, the lenses may be 
plano-convex, meaning that they have a flat (piano) surface and an opposed outwardly 
bulging (convex) surface. The plano-convex lenses may have two orientations. In the first 
5 orientation, exemplified by lens 240, the convex surface 242 faces toward the sample site, 
and the planar surface 244 faces away from the sample site. In the second orientation, 
exemplified in Figure 8 by lens 240', the convex surface 242' faces away from the 
sample site, and the planar surface 244' faces toward the sample site. In either 
orientation, the lens will collect light transmitted from the sample and direct the collected 

10 light toward a detector, such as an imaging detector (e.g., a charge-coupled device 
(CCD)) or a point detector (e.g., a photomultiplier tube (PMT)), among others. 

The optical measurement aid also may include a window 246 in the substrate 
having a shape configured to match an optical sensed volume, including the frustoconical 
shape through which excitation light is directed onto the sample and/or from which 

15 emission light is detected from the sample, for example, as described in U.S. Patent 
Application Serial No. 09/478,819, filed January 5, 2000, which is incorporated herein by 
reference. The matching may be used in optical analysis to increase sensitivity (for 
example, by avoiding detection from walls of the sample well) and/or to decrease sample 
volume, among others. 

20 Example 7: Analysis System 

This example, illustrated in Figure 9, describes an exemplary measurement system 
270 for combined electrical/optical detection, in accordance with aspects of the invention. 
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assay, among others. Suitable light sources include lasers, arc lamps, incandescent lamps, 
fluorescent lamps, electroluminescent devices, laser diodes, and light-emitting diodes 
(LEDs), among others. The light source may be capable of use in one or more 
illumination modes, including continuous and time-varying modes, among others. 
5 The detector generally comprises any mechanism for detecting light transmitted 

from a sample in an optical assay. Suitable detectors include charge-coupled devices 
(CCDs), intensified charge-coupled devices (ICCDs), videcon tubes, photomultiplier 
tubes (PMTs), photodiodes, and avalanche photodiodes, among others. The detector may 
be capable of use in one or more detection modes, including (a) imaging and point- 

10 reading modes, (b) discrete (e.g., photon-counting) and analog (e.g., current-integration) 
modes, and (c) steady-state and time-resolved modes, among others. 

The optical relay structure generally comprises any mechanism for transmitting 
light between the light source, sample, and detector (or simply the sample and detector in 
a chemiluminescence assay). Suitable optical relay structures may include mirrors, 

15 lenses, and/or fiber optics, among others. Here, the optical relay structure includes a 
beamsplitter that generally transmits excitation light toward the sample and generally 
reflects emission light toward the detector. 

Figure 9 shows an exemplary embodiment of a combined electrical/optical 
measurement system, including components as described above. Here, a parallel read-out 

20 system is used for confocal-optical recordings, for example, using the chip substrate 
system of Figure 8. In either order, the chip substrate is placed in an appropriate light 
beam that is able to excite fluorescent probes of interest, and the sample membranes or 
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Suitable systems, and components thereof, for top/bottom and/or oblique 
illumination are described in the following materials, which are incoiporated herein by 
reference: U.S. Patent No. 5,355,215, issued October 11, 1994; U.S. Patent No. 
6,097,025, issued August 1, 2000; and U.S. Provisional Patent Application Serial No. 
5 60/267,639, filed August February 10, 200 1. 

Example 8: Producing, Sizing, and Binding of Vesicles 

This example describes exemplary methods for producing, sizing, and binding 
lipid vesicles. 

A mixture of 100 fiL asolectin (Fluka) or egg lecithin (EPC), 50 \xL 
10 palmitoyloleylphosphatidylglycerol (POPG), and 3 \xL dipalmitoyl phosphatidyl- 
ethanolamine-rhodamine (DPPE-rhodamine) (Molecular Probes, USA) (all 10 mg/mL in 
chloroform, Avanti Polar Lipids), and 70 JJ.L methanol is dried in a rotary vaporizer 
(Biichi Rotavapor R-l 14) at low (400 mm Hg) pressure in a 10 mL round flask to form a 
film. After a 1-hour incubation under vacuum, to the flask is added either 10 mL H 2 0 or 
15 10 mL of a buffer solution having a concentration of less than 150 mM of KC1 and/or less 
than 600 mM of sucrose or preferably of sorbitol. After a subsequent 16-hour incubation 
at 37 °C, the resulting lipid vesicles appear as an almost transparent cloud. The lipid 
vesicles are aspirated and removed using a 1 mL pipette and stored at 4 °C until further 
use. Storage of the vesicle solution may be improved by the addition of sodium azide 
20 (NaN 3 ) to a concentration of 0.2% by weight. This vesicle preparation procedure yields 
mostly (> 90%) unilamellar vesicles, with sizes up to 250 urn. However, some of the 
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September 14, 2001, titled EFFICIENT METHODS FOR THE ANALYSIS OF ION 
CHANNEL PROTEINS, and naming Christian Schmidt as inventor. 
Example 9: Electrophoresis Positioning of Vesicles 

This example, illustrated in Figure 10, describes exemplary methods for 
5 electrophoretically positioning samples such as cells and lipid vesicles. The positioning 
attainable using these methods may exceed that attainable using gravity sedimentation, in 
at least the following ways: (1) a decrease in the necessary number of vesicles or cells, 
(2) an increase in the total rate of membrane formation, and (3) an increase in the 
probability of a successful membrane setup or cell binding. Vesicles and cells also may 

10 be prepositioned prior to electrophoretic positioning to improve performance, for 
example, by introducing the vesicles or cells to the sample so that they are initially 
positioned above the aperture. 

The electrophoretic positioning methods make use of inhomogeneities in the 
electric potential and associated electric field surrounding the aperture. Figure 10 shows 

15 results of a finite element method (FEM) simulation of the electric potential distribution 
around a substrate in accordance with aspects of the invention. The substrate includes a 
4-|iim aperture positioned between parallel electrodes. The field distribution is shown as a 
series of equipotential lines (corresponding a cross-section through the three-dimensional 
equipotential surfaces), with a spacing of 4 mV, where the potential difference between 

20 the electrodes is 80 mV. The field-line curve is distorted in this simulation from its 
normal circular form to an elliptical form to reflect leak currents in the edge region of the 
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effective near the aperture (e.g., within about 200 jim of the aperture), so that samples 
preferably are brought into this range by prepositioning or reach it convectively. For this 
purpose, a hole (for example, d < 1 mm) may be located in the measurement electrode 
with respect to the aperture. 
5 The following subsections describe two alternative methods of electrophoretic 

positioning. 
Variation 1 : 

The offset voltage V 0 ff set between the electrodes may be corrected before each 
measurement. To do so, 5 |jL of buffer solution is added directly to the aperture, and the 

10 measurement electrode is brought to within about 1 mm from the substrate surface. After 
a liquid meniscus forms between the surface of the substrate and the electrode, the offset 
voltage and the capacitance of the system are adjusted to compensate. 

A 10-fiL dispersion of lipid vesicles subsequently is added to the upper side of the 
measurement electrode, where the vesicles can sediment through the circular opening 

15 located in the measurement electrode. Vesicles that move through the measurement 
electrode opening may be accelerated directly to the aperture opening under the influence 
of an electric field generated by the applied electrode voltage, V M = -50 to -80 mV. In 
doing so, the focusing achieved, measured in the number of vesicles passing through the 
aperture opening with unmodified surfaces, is a function of the size of the window (that 

20 is, the portion of the Si0 2 layer laid open by etching). Smaller Si0 2 windows (e.g., less 
than about 45 x 45 p.m 2 ) clearly increase vesicle throughput. 
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significant drop in current, indicating that the membrane has at least substantially blocked 
ion pathways through the aperture. 

Example 11: Binding and Adsorption of Vesicles on Modified SiO, Surfaces 

The example, illustrated in Figure 12AB, describes the binding and/or other 
5 interactions of vesicles as described above with polylysine-modified Si0 2 surfaces. 

The binding between these vesicles and surfaces may be strong and rapid, 
manifesting itself in less than about 0.5 seconds after an appropriate proximity is reached. 
The probability of successfully positioning a vesicle and subsequently forming an 
electrically tight membrane seal* is strongly dependent on the size of the aperture, the size 

10 of the Si0 2 window, and the number, size, and size distribution of the vesicles in the 
vesicle solution. If substrates having aperture diameters less than about 2 |im and window 
sizes greater than about 40 firn are used in conjunction with suspensions of vesicles 
having a vesicle diameter greater than about 40 fim, the probability of binding and 
forming an electrically tight seal may exceed 90% (n > 15, where n is the number of 

15 trials). In general, a decrease in the width of the aperture and an increase in the purity of 
the vesicle suspensions lead to greater reproducibility in the formation of tight aperture 
seals, both substrate to substrate and vesicle preparation to vesicle preparation. 

Vesicles that bind to the surface subsequently may be drawn out to form 
substantially flat, defect-free membranes. Fluorescence microscopy studies performed 

20 using vesicles labeled with both rhodamine (to label vesicle membranes) and 
carboxyfluorescein (to label vesicle interiors) show that vesicles flatten and may burst 
upon binding, forming unilamellar structures, since bound vesicles appear flat and red, 



S9 



-iXqpmtp-i^nqouime-t? ^idmvxo joj 'sb qons *q3otj H d panssp 9qj ui sopsuspBJBqo 
uoijbo SuiABq spunodxxioo jgqjo Xq paijtpoiu aq Xbui osp 90Bjjns gq} 'XpAijBiugiqv OS 
•Qotgjns siBjjsqns aqj pus 9UBjqui9tu aq} U99Auaq spas jqSij iCRizoupap joj juapzjjns 
Xpjoidmoo si qoiqM <p9A9upB si aSjBqo aoBjjns 9ajib§9U qjiM sapisaA jo uoxpbj#b 
ub 'aoBjjns QiBJjsqns oq; jo uopBOtjipoui sq; qSnojqx ^(auBqjauioJoiqoi/Cusqduj) 
spuoiqo ptso} jo suB9iu Xq 9iduiBX9 joj 'sobjjhs zuBnb aq} jo sdnoaS |XxojpXq poiBAtpB 
XpnoiAajd Suisn auop si XiqBjgjajd suoijBoXpd 9pi}d9d jo Smputq }U9{baoo aqx 'uoprqos 51 
jajjnq }uaui9jnsBaui qiiM jjo pgsuu Xjjugnbasqns puB }uaui9JnsB9Ui sqj aaojsq ytyosaip 
sa^nuiui s-z W 0C P JO J awsqns aqj oj psppB oq Xbui (buiSis 'OOO'OOI MW '©ppuioaq 
auisXj-j-Xiod o/ q yq '-g-g) suo^BoXjod jo uoprqos snoanbB xxe c 9iduiBX9 joj 'uoiidjostsXqd 

JO,i A!X *SU0IJB0Xl0d c 9|dtIIBX9 JOJ £ J9}OUIOJd uoisaqpB ub qjiM p9}BOO si 'sasBD 

U9Ai§ ui 'ajBJjsqns 9tp jo aoBjins aq; 'sapisaA sqi jo uoisgqpB 3uojjs a^oiuoad ox 01 

'UO0I 

jnoqB UBqj jqibsjS aouB*sis9J auBjquigm b puB (g\ < u) %ql ^noqB UBq* jaiBajS XjqiqBqojd 
b qjiM e spuooas 2*0 *noqB UBq* ssai in 'Xiuuixojd ajBudojddB iayB e S9ptsaA aqi jo Smpuiq 
sojBJ^suouiap \y% y$m q\ oujaurtuXs ui siuauiajnsBaiu jo sauas shoSojbub try ID^I VP* 1 
58 oujamuiXs ui ss^sqns aqj uo pajnsBaui 9JB ((92; = u) X5D V9 < sqoub^sissj g 

auBiquiaui qSiq Xj9A 90Uis <S9UBjqtuaui pidq a&yxpajap XippuBisqus uuoj Xbui sapisaA 

pUHOq oqi }Bqj 9)BJ}SUOUI9p C 30UB}SIS9J aUBJqU19lU JO S9ipnjS 1BOU40913 *(XUBULI9£) 

*BU9f sspz '01 £ JMSl) adoosojotui iboojuoo b puB ssb{§ p9}BO0-9UisA]Xpd Suxsn 
papnpuoo 9J9M S9ipms 9ssqx ■p 3SB9 I 9J U39C l SB M uposajonjjXxoqJBo }Bqj Suus9§Sns 



0Z,S00/10H3/X3d 



Z9WZIZ0 OAV 



WO 02/24862 



PCT/CH01/00570 



methoxysilane. Finally, treating the substrates in 0 2 plasma for several minutes before 
surface modification leads to more consistent surface characteristics. 

Figure 12AB shows the time course of vesicle binding and the subsequent 
development of membranes with very high electrical insulation resistance for a 4-\xm 
5 aperture (Figure 12 A) and a 7-fim aperture (Figure 12B) in a poly-L-lysine-coated Si0 2 
substrate. The measurements were performed in the presence of 10 jiM KC1, using a 
clamp voltage of -80 mV. 
Example 12: Membrane Electrical Properties 

This example describes electrical factors relating to preferred aperture sizes, 
10 including characteristic electrical properties. 

The thermal noise a of a circular lipid membrane is proportional to R M " I/2 : XVI 



where R M = R S pec/(w M 2 ). It follows therefrom that 



4nkTf c 

R-spcc 



15 In these formulae, a is the effective noise flow, r is the radius, f is the frequency, k is the 
Boltzmann constant, R is the resistance, and T is the temperature. 

Thus, to be a usable membrane for measurement purposes, r M /^R spec should be 

very small. The minimization of this product can be pursued according to the invention in 
two ways: (1) by minimizing the membrane radius r M , and/or (2) by the electrically tight 
20 sealing of the membranes used. 

66 



L9 



OX -SOUB^SISQJ UI pa;BpOSSB UB pUB ;U9X1110 UI 9SB9I09p B O; pB9J l\l/A SapiSaA 

jo a§BSSBd aq; ^n^oiftosds -aarojade aq; ssojob (aouB;sisai 'ApuajBAtnba { Jto) ;ua;uno OZ 
ui saSuBqo §mio;iuoui Xq paAaasqo aq ubo 'saa^Bi ? 01S paijipouiun sb qons 'saoBjjns 
paSaBqo XpAi;B§au jo aouasaad aq; ui aJtrpadB ire qSnojq; sapis9A jo a§BSSBd 9qx 

•9;Bj;sqns aq; ui soarqasdB 
qSnoiq; S9[OIsoa jo a§BSSBd aq; saquosgp 'n aanSxj ui pa;Bj;sniii 'ajduiBxa siqx 

J9}9UioJDipv[ qsnouq; sbbssb j apisaA : Pl aiduiuxa g I 
103 JAP** OI-I u ? i d 082 oi 09 1 ^ P OT 'IDJL JAP** 58 .4 d p^A9s Aq 'uoisnj 
Suimoijoj X^uboijiuSisui Ajuo p9§UBqo a;B.4sqns 9iduiBS 9q; jo aouB;pBdBO aqj, 

*I/A = ^ e * 9 "I s t uiqo o; SuipjoooB i ;uaxmo aq; pUB a aSB;iOA paifddB aq; o; 
pa^pjc Xp;BtinxoiddB ;sBai ;b si "a aouB;sisaa aq; 'aaan *aouB;sisaj ut sasBaiout apmiuSBUi 
-jo-japao jnoj o; Suipuodsaxioo 'o^- y^va \ ui zjq 017 *noqB UBq; ja;BaiS puB c io^j p\[ui 01 
01 UO 01 ^ no q B ^q; -weaiS 'IDS JA[ m S8 U I UO t?*9 ;noqe UBq; lajusjS si aouB;sisai 
aq? 'uoisnj aayy Sujuado aanjpgdB aq; japun sgjqqnq jib jo uoisnpui 9q; 'aiduiBxa 
joj c 2ui;oa]jaj X[qtssod 's;objpjb sb pa;ajdja;ui a.iB saouB;sisaj aa;Baio -gimjade aq; 
jo azis aq; uo sasBo q;oq ui Suipuadap p\[ui I ui yjM I °* dn ^iprtsn ApBjiuns ptiB 
'IDS JAP* £8 (U3 OSf > ^ipnsn) UJA[ I o; dn si aoLm;sisaj aq; 'uoisnj ajojag -uoisrg g 
apisaA SuiMonoj XpuEogtuSis pa§u^qo a;Bj;sqns azures aq; ssojob aouB;sisaa aqx 

•aAoqu pgquosap sb fi iua;sXs ;uaiuaansBaui 
aq; jo sja;aiui3jred pou;oap uo uoisnj apisaA jo spajja aq; saquosap ajduiBxa siqx 

s9UBjqui9Dvi pidjq jo s^auiBUUj iBDiaioaja :ei aidiucxg 



0Z,S00/T0H3/XDd 



Z98f OAV 



WO 02/24862 



PCT/CH01/00570 



monitor for artifacts in the observed values, the polarity of the voltage is reversed, 
whereupon no modulation of current or resistance is observed. 

The duration of observed changes in the amplitude of resistance can be correlated 
with size of the vesicles passing through the aperture being monitored. For example, 
5 modulations in the amplitude of resistance lasting up to 18 seconds suggest the passage of 
very large vesicles with sufficiently fluid membranes. Where vesicle populations with 
diameters greater than about 50 p.m (n = 4) are used in conjunction with aperture 
openings with diameters of about 7 \im 9 an almost exclusive variation of the time of 
passage for fixed changes in amplitude as a function of vesicle size is observed. It is 
10 presumed that vesicles undergoing passage through the aperture opening are drawn out 
during their passage to form tubular structures with definite diameters and closed 
surfaces. 

By analyzing the typical time of passage for large vesicles (d veS icie » d ape rture) and 
the typical change in the amplitude of resistance for small vesicles (d ves icie ~ d ape rture) ? the 
15 composition of the vesicles with respect to size can be determined for a given vesicle 
solution. The method of the invention therefore possesses utility for analyzing size 
distributions in selected populations of vesicles and cells. 

Example 15: Observation of Alamethicin Pores and Nicotinic Acetylcholine 
Receptors 

20 

This example, illustrated in Figures 14 and 15AB, describes observation of 
electrical activity of alamethicin pores and nicotinic acetylcholine receptors (nAChR) in 
fused vesicles. These observations confirm the biological utility of the invention. 
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The methods of the invention are generally applicable to the investigation and 
analysis of cells. Such cells may be positioned and electrically characterized using 
procedures substantially analogous to those described above for vesicles. However, in 
some cases, the positioning and measurement methods may be modified as desired to 
5 accommodate differences in vesicles and cells, including, among others, the 
cytoskeleton, the varied lipid and protein content of cell membranes, and the cell wall in 
plants and certain algae, bacteria, and fungi. For example, the cell may be made more 
flexible by disrupting the cytoskeleton, for example, using cytochalasin and/or 
colchicine. Similarly, in measurements using plant cells, the cell wall may be removed 

10 to expose a relatively smooth membrane surface capable of forming a tighter electrical 
seal. Similarly, in measurements using animal cells derived from tissues, the 
extracellular matrix may be removed or digested, for example, using one or more 
proteases, lipases, and/or glycosidases, among others. 

The methods may be used for a variety of patch clamp experiments, in a variety of 

15 formats or configurations. The cell, as initially bound and sealed, is in a "cell-attached 
configuration." If the membrane patch over the aperture then is ruptured or destroyed, for 
example, by applying a pulse of voltage or suction, electrical measurements can be 
performed over the entire cell membrane in. a "whole-cell configuration." Alternatively, if 
the membrane patch over the aperture is permeabilized, for example, by the addition of 

20 pore formers such as amphotericin B or nystatin to the reference compartment, electrical 
measurements again may be performed over the entire cell membrane in a "perforated- 
patch configuration." Alternatively, if the cell (instead of the membrane patch over the 
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Figure 17 shows a series of plots of current versus time showing the current 
flowing through the membrane of a Jurkat cell at the indicated positive and negative 
clamp voltages in a cell-attached configuration. The curves appear quantized, switching 
largely between just two values, one low and one high, particularly at higher voltages. 
5 This characteristic suggests that single-channel events are being observed, corresponding 
to the opening and closing of the channel. 

Figure 18 shows an analysis of the current flowing through the membrane of a 
Jurkat cell for a +60 mV clamp voltage. Panel A shows a representative plot of current 
versus time. This plot again has a quantized character, like Figure 17. Panel B shows a 
10 histogram plotting the relative occurrence of a given current versus the current. The 
histogram is bimodal, with peak values of about 1.3 pA (the relatively smaller peak at 
left) and about 4.8 pA (the relatively larger peak at right), corresponding to an average of 
about 3.5 pA. 

Example 17: Miscellaneous Applications 

15 The positioning and measurement systems provided by the invention may be used 

for a variety of purposes and a variety of assays. Exemplary miscellaneous applications 
are described below. 
Screening of Ingredients 

The system may be used to screen libraries according to any suitable criterion, 

20 such as the identification of candidate drugs, modulators, and the like. Suitable libraries 
include compound libraries, combinatorial chemistry libraries, gene libraries, phage 
libraries, and the like. The system is exceptionally well suited to probing libraries whose 
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Portable Biosensors/Environmental Analytics 

The automation and outstanding mechanical stability of the measurement system 
according to the invention permits its use in biosensors. By using suitable transformed 
cells, receptors reconstituted in vesicles, or channel-forming proteins, sensors can be set 
5 up that are sensitive to very different substrates or metabolites. Moreover, if sufficiently 
tight electric seals are formed, which is possible using the apparatus according to the 
invention, then measurement sensitivity will in principle only be dependent on the 
binding constant of the receptor. This sensitivity may lie under one nanomole for G- 
protein-coupled receptors, and in the nanomolar range for ionotropic receptors (e.g., 5 

10 HT3, nAChR, GABA A R, glycine R, and GluR). xx 

The disclosure set forth above may encompass multiple distinct inventions with 
independent utility. Although each of these inventions has been disclosed in its preferred 
form(s), the specific embodiments thereof as disclosed and illustrated herein are not to be 
considered in a limiting sense, because numerous variations are possible. The subject 

15 matter of the inventions includes all novel and nonobvious combinations and 
subcombinations of the various elements, features, functions, and/or properties disclosed 
herein. The following claims particularly point out certain combinations and 
subcombinations regarded as novel and nonobvious. Inventions embodied in other 
combinations and subcombinations of features, functions, elements, and/or properties 

20 may be claimed in applications claiming priority from this or a related application. Such 
claims, whether directed to a different invention or to the same invention, and whether 
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Claims 



1. Multiaperture biochip for positioning and/or analyzing samples such as cells, 
vesicles, cellular organelles, and fragments, derivatives and mixtures thereof, said 
biochip comprising a substrate including several apertures, at least one recording 
fluid compartment and one reference fluid compartment arranged on each side of 
said substrate and being in contact via said apertures, at least one recording 
electrode and one reference electrode in contact with at least one of said 
compartments and adapted to measure and/or apply an electrical potential across 
said apertures, characterized by the fact that it furthermore comprises a support 
element for independently supporting said substrate and associated system 
components. 

2. Multiaperture biochip according to claim 1 wherein said support element includes a 
carrier plate and at least one spacer sandwiched between the substrate and the 
carrier plate. 

3. Multiaperture biochip according to claim 2 wherein the space defined between said 
substrate and said carrier plate includes at least one of said compartments. 

4. Multiaperture biochip according to any of the previous claims wherein several fluid 
compartments are arranged on one side of the substrate, each of those compartments 
being in contact, via said apertures, with one single compartment arranged on the 
other side of the substrate. 
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